Direct interconnection is a novel technique for interconnecting offshore airborne wind energy (AWE) generators which facilitates the removal of power converters from the offshore generation site. In this technique, unlike the conventional approach, all generators are interconnected directly and after dispatching the generated power to shore, a back to back converter or several paralleled back to back converters change the generated power to grid-compliant power. Considering that the high expenses of offshore operations for back to back converter repair and maintenance and the higher accessibility of shore-side back to back converters, this technique can improve the reliability and economy of the energy generation system. This research aims to implement and study the practicality and reliability of the direct interconnection approach for offshore non-reversing pumping mode airborne wind energy generator systems. The interaction of direct interconnected AWEs in normal and fault conditions is investigated, and synchronisation, frequency control and load sharing control of the AWE farm are examined and discussed.
Introduction
Wind energy is the most common type of renewable energy for electrical power production after hydropower [1] . It has seen the biggest absolute increase in non-hydro renewable energy output, and it is anticipated that its share in total worldwide electricity generation rises to 4.5% by 2030 [1] . In 2015 alone, wind power installation reached 63 GW which represents a 22% increase in just one year [2] . In 2016, more than 54 GW wind power has been installed which has raised the total global installed capacity to 486.8 GW [3] . Despite the rapid development, wind energy is still expensive. According to International Energy Agency report in 2014, most wind energy projects encounter financing problems. In the US the number of wind power component factories fell from 550 to 500 in 2013. In China the number of wind turbine manufacturers reduced from over 80 in 2009 to about 30 in 2014 and in Europe because of the long economic recession, many manufacturers are considering moving abroad [4] Global Status Report). Researchers are looking for solutions to reduce the total cost of wind energy systems by improving power production through the increase of turbine height or improving subsystems such as blade design, gearbox, back to back converters, energy storage systems, and power systems for power dispatching and grid interconnection. New studies are showing that the amount of electrical power which is possible to be generated by wind turbines is much less than what was predicted previously [5e7] . Today, we know that in large wind farms the installed wind turbines decrease the wind speed and consequently, they generate less electrical energy than what was anticipated [5e7] . In 2011, the predicted total electrical energy from wind was 18e68 TW while studies in 2013 and 2014 have shown 20 TW or even less [5e7] . Airborne wind energy technology could prove helpful in increasing the amount of generated power from wind. In comparison with conventional wind turbines, airborne wind energy systems can reach the stronger and more consistent winds at higher altitudes with less technical and economic limitations. For instance, in Ireland, the analysis of weather data in five geographical sites shows 30% and 45% wind speed increase at altitudes between 100 m and 750 m [8] . Through this analysis, a capacity factor of 52.2% is estimated for a pumping mode airborne wind energy device located at these sites while the average wind turbine capacity factor in Ireland is 29.3% [9] . Nowadays, focus on offshore wind energy systems is increasing due to more consistent and stronger winds [10] , and more space availability in offshore sites [11] . However, the need for a massive submerged infrastructure limits the installation of marine wind turbines [10, 12] . Elimination of mechanical and civil infrastructures such as turbine and tower in AWE systems have made them significantly ideal lightweight devices to be used as floating wind energy systems for offshore wind energy generation with minimum submerged foundation [12] . Power transmission and the Interconnection of offshore AWE generators is the focus of this paper. Conventional interconnection and power transmission methods can be classified to high voltage AC (HVAC) and high voltage DC (HVDC) systems. HVDC systems are more efficient for interconnection and power transmission due to fewer power losses and absence of reactive power [13] . However, HVAC systems are still the most popular and usable transmission systems as they are more cost-effective and well-established technology for electrical power transmission [13] . These days the use of power electronic converters in HVAC wind energy systems is widespread particularly for the gearless, direct-driven wind energy systems. In directdriven wind turbines with permanent magnet synchronous generators, fully rated power electronic converters are used for the interconnection and grid codes compliance process [14] . The implementation of power electronic converters leads to new challenges for the economy and reliability of the offshore wind energy systems. Power electronic converters are both very expensive and sensitive devices and they possess a high rate of failure among the wind turbine components [15, 16] , and therefore they negatively affect the reliability of renewable energy systems by increasing system breakdown rate. The reliability problem is more crucial for offshore generators as the accessibility of the offshore installed power converters is low, and operators must wait for weather windows to conduct repair and maintenance [17, 18] . Also, high expenses of marine operations for the repair and maintenance of the converters is another problem caused by the high failure rate of power electronic converters affecting the economy of marine energy devices [18] . This paper tries to examine a novel promising HVAC interconnection technique for offshore AWE systems. In this paper, an offshore Airborne Wind Energy (AWE) farm is modelled and simulated. The offshore farm consists of three non-reversing pumping mode airborne wind energy systems which are utilised with permanent magnet synchronous generators. A direct interconnection technique (DIT) is implemented and analysed as a new approach for interconnecting the generators and dispatching the generated power to the load. In this technique, generators are interconnected directly to each other without any back to back converter. After transmitting the generated power to shore, a back to back converter or several paralleled converters transform the power from the combined farm to comply with grid codes for grid interconnection. No need to perform costly offshore operations for repair and maintenance of back to back converters and the ease of accessibility to the on-shore back to back converters is anticipated to lead to a significant improvement in the economy and reliability of offshore renewable energy systems [18e21]. The operation and interaction of the generators under normal condition during synchronisation and operational phase transformation are investigated. Considering the highly variable input mechanical torque from AWE wings, the synchronisation and frequency control of the generators before and after synchronisation can be a serious engineering challenge in dealing with the implementation of the direct interconnection technique for AWE systems. Hence, robust, fast and reliable synchronisers and frequency controllers are required. In addition, to control the generated power of each generator after synchronisation, use of a load sharing controller is necessary. For every unit, an Automatic Frequency Controller (AFC) and an Automatic Synchronisation Controller (ASC) are designed and implemented. Once an AWE unit starts to operate AFC controls the frequency until it is equal to the main bus frequency, then ASC checks the pre-defined synchronisation criteria through the synchronisation algorithm, and once a unit is ready for synchronisation, it sends the interconnection command to the breakers. After the synchronisation of each unit with the main bus, the load sharing controller (LSC) checks the output power of each generator to make sure that the load is divided equally between the generation units. In the event of any load imbalance between the AWEs, the LSCs send command signals to the kite flight controllers to balance the load by regulating the mechanical tension in the kite tether and torque on the ground-based winch drum from the kites. Offshore wind energy systems offer poor reliability due to environmental and technical constraints compared to on-land wind turbines [22] . In order to improve reliability, extra controllers and protection systems are necessary although additional controllers themselves can be a source of problems for the stability of renewable energy systems. For example, as mentioned before, the use of power electronic converters for controlling the generated power by wind turbines could increase the risk of a fault in wind energy systems due to their high rate of failure and sensitivity to over currents [15, 16] . A fault study is necessary to examine the consequences of probable faults and to improve the system reliability by designing a protection system to avoid or reduce the impact of fault conditions. Further, the novelty of the DIT for AWE systems necessitates a fault study to investigate the performance of the directly interconnected generators under different fault conditions. The fault study conducted in this paper consists of three fault scenarios.
The first scenario is an unpredicted power outage due to failure in an interconnected generation unit. This fault can have a destructive effect on the system and other generators by imposing a fast load increase on other AWEs. The unpredicted power outage is a highly probable failure as it is the straightforward effect of a fault in the generator with a significant downtime rate of 37% [23] . The second scenario is the delay in a unit transmission from recovery mode to power mode. Due to any failure in the mechanical system between the generator and the wing or wind speed changes, such a fault may not be uncommon. Since this fault can happen regularly, sometimes it is considered as an out of nominal operation condition rather than an emergency fault. The third fault scenario is a failure in the operation of DIT controllers, AFC, LSC and ASC. Since the performance of DIT is highly dependent on the appropriate operation of these controllers, it is essential to examine the effect of faulty controllers on the performance of the directly interconnected generators. The focus of the fault study is on the ground station although some investigated fault scenarios may sometimes happen as the result of a failure in the kite control system. For instance, the unpredicted power outage of a directly interconnected generator or the delay in transmission between the operational phases can occur as the consequences of a fault or imperfect control in the tethered wing control system. At the moment, a detailed study of the effect of an improper flight controller is extremely challenging due to the lack of data and appropriate predictive models. The fault study is critical to study how any failure affects the performance of controllers, AWEs, and energy farm power network. The fault study could be beneficial for designing a protection system to improve the reliability of the system in the future.
Airborne wind energy
Airborne wind energy is a new technology to harness winds at higher altitudes which are stronger and more consistent. AWE systems concepts variously employ tethered gliders, kites or wing mounted horizontal axis turbines, tethered to a ground station. Since the first airborne wind energy study in 1930 [24] , several airborne wind energy systems have been introduced for generating electricity from winds at higher altitudes. Pumping mode airborne wind energy systems are the most common AWE systems which have been developed by researchers and engineers in different universities and companies. A conceptual drawing of a pumping mode AWE system is shown in Fig. 1 . In this system, a kite or glider is tethered to a ground station which consists of a tether drum coupled to a generator which generates electrical energy. The operation of this system has two phases, a power haul out phase and a kite recovery phase. The combined cycle is called a pumping mode cycle. A tethered kite or glider is the prime mover of the system and produces lift and hence tether tension from cross-wind flight motion. The kite flight trajectory and the lift force are controlled by a flight control system tethered to the ground station. During the power phase, mechanical power is delivered to the power take-off system. When the kite arrives to the programmed maximum tether length, the operation is switched to the recovery phase. During this phase, the kite should be recovered to the initial tether length. In the recovery phase, the tether drum (and generator in most experimental designs) are reversed (driving the generator as a motor) to recover the tether. To decrease the power consumption during this phase, the flight controller tries to minimise lift configuration by stopping cross wind maneuvers and altering the wing profile.
Reversing the generator creates difficulty for utility-scale grid interconnection due to inefficiencies of stopping a large generator and reversing the system as a motor. The process of reversing a generator needs advanced power electronic converters to perform the four-quadrant operation for braking, stopping and reversing in each cycle of operation which increases the cost and complexity of the system. Furthermore, the reversing process introduces fullscale power electronics converters at each unit which are a known high failure component [15, 18] . Non-reversing pumping mode AWE systems have been initially developed at the University of Limerick, Ireland [19e21] . In this type of pumping mode AWE system, mechanical power is delivered to the power take-off system by an overrunning clutch. This clutch is on the generator side of the tether drum and thus bypasses the generator during the recovery phase, allowing tether drum reversal powered by a separate fractional scale electrical motor without reversal of the generator. The non-reversing pumping mode airborne wind energy system is illustrated in Fig. 2 . Furthermore, a variation on the concept of using a separate motor and generator for the recovery phase and power phase has also been considered by the researchers at TU Delft [25] . In several universities and companies, airborne wind energy is under investigation [40e48]. So far, different types of airborne wind energy systems for harvesting the winds in higher altitudes have been introduced. For more information about AWE technology developers see Cherubini et al. [26] and Salari et al. [27] .
Direct interconnection of offshore airborne wind energy systems
The direct interconnection method for conventional wind turbines has been introduced by Pican in 2011 [18] . This technique is a new approach to dispatch the generated power to the grid with less intermediate power electronic devices which is especially applicable for offshore energy devices. According to [15] , power electronic devices give rise to the third highest rate of failures among the wind turbine subassemblies. This high rate of failure increases the overall cost of the system and power production, and by considering the high expenses of offshore operations and weather window limitations for offshore energy devices, this cost is even greater. The conventional and direct interconnection approaches for integration of wind generators are illustrated in Fig. 3 . In the conventional approach, Fig. 3 (a) the output power of each wind generator is changed to DC within a power converter and is converted back to gird compliant AC. Generated power is then dispatched to the on-shore station using submarine power cables. Owing to the high expenses of offshore operations, this methodology is very expensive from the maintenance, repair and availability perspective. In the direct interconnection approach as shown in Fig. 3 (b) the power converters are removed from the offshore environment, and all of the units are electrically interconnected to each other directly via breakers. Generated power is transmitted to shore through an underwater power line. The back to back power converter(s) installed at the onshore station is used to adjust frequency and voltage for interconnection with the grid. The relocation of the power converter from the harsh marine environment eases servicing without vessel deployments and weather window delays [28] .
Managing generator synchronisation and kite torque control are significant challenges in dealing with the direct interconnection of airborne wind energy devices. The AWE devices in this paper use permanent magnet synchronous generators. DIT algorithm is explained in Fig. 4 . After launching the synchronisation process, to interconnect an offline unit to the main bus, at first the synchroniser system compares the frequency of the offline unit with the main bus frequency. If they are not equal, the synchroniser sends a signal to the kite control system through the AFC to change the tether speed in order to change the electrical frequency. The kite control system is similar to the pitch controller of conventional wind turbines. This controller seeks to control the input power and torque of the AWE system by changing the crosswind manoeuvres and the lift profile of the kite. Proper collaboration between the kite controller and other controllers is critical for the implementation of DIT. In this research work, it is assumed that the kite controller operates in an ideal way although in real condition wind speed fluctuations and wind gusts can disrupt the ideal performance of the kite control system. Once the frequencies are equal, the synchroniser goes to the next stage, checking the amplitude and phase of the unit's voltage. After finding voltage phase and amplitude compliant with the main bus, the synchroniser system sends an operation signal to the unit's circuit breaker (CB) to interconnect it with the main bus. The load sharing controller checks the output power of the generators to make sure that the load is divided equally between them and that they are generating the same amount of power. If there is a power imbalance between the generators, it sends a signal to the kite controller to regulate the input tension/drum torque from the kites. The output signal of each controller is limited by rate limiters to avoid rapid changes in torque which can be harmful to the kite, tether and other mechanical subsystems.
Modeling and simulation
The offshore farm model used in this analysis is illustrated in Fig. 5 . This system consists of three non-reversing pumping mode AWE units. Regarding the discontinuous operation of pumping mode AWE systems, three is the minimum number of AWE systems to achieve a continuous power when a proper delay between the operations is applied. Each unit utilises permanent magnet synchronous generators (PMSG) to produce electrical energy. The first unit is considered as a reference for synchronisation. Each unit feeds an individual 10U dump load (DL) while reaching synchronisation criteria and after synchronisation joins the farm main bus feeding the 3.75U main load (ML). Table 1 shows the specifications of the offshore airborne wind energy farm. In order to simulate the generator, characteristics of a real wind energy PMSG generator JSPM J-48 are used [29] . Also for the underwater transmission system, the specifications of ABB 10e90 kV XLPE three-core subsea cable are employed in the simulation model. For each unit, the power phase and recovery phase duration are 80 and 20 s respectively. To reach continuous power at the output of the farm, a 25 s delay is considered for the start of each AWE unit. Simulation is performed using Matlab/Simulink Simscape Power Systems software. As mentioned, the farm is monitored by a load sharing controller (LSC) to keep the load balance between the generation units. The control diagram of the AWE farm is illustrated in Fig. 6 . The load sharing operation is very important for the proper performance of the interconnected generators. Given that the generators are similar, they ideally should generate the same amount of power after interconnection. Otherwise, according to the Millman theorem, the paralleled generators have a natural tendency to remain synchronised, but any load imbalance can cause large current inconsistency or circulating currents between the generators [30] . 
Tethered wing and power take-off model
The differential equation governing the system speed is given by Ref. [21] :
Where T e is the generator electromagnetic torque, B is the combined viscous friction coefficient of the generator rotor and drive, T f is the drive friction torque, and J is the combined inertia of the generator and drivetrain. The speed of the tether drum is related to the tether speed by (2) .
Where u d is the angular velocity of the tether drum and r is the radius of the tether drum. The mechanical torque produced on the tether drum due to tether force is calculated by:
Where F t is the tether force, and it is described in Ref. [31] . Since the tether drum is connected directly to the generator the velocity of the generator rotor is equal to the drum velocity:
The reciprocal operation of pumping mode AWE systems has two phases of operation, the power (pumping) phase and the recovery phase. Therefore, the operation period of an AWE system is specified by the sum of the power phase duration and recovery phase duration. The ratio of the power phase period to the operation period of an AWE cycle is defined as the duty cycle of that AWE system. The produced torque by the wing can be defined as the sum of constant and oscillating components. The delivered torque to the generator by the kite and tether during the power phase period is considered as a constant torque with two fluctuating components added to it; a sinusoidal torque and a band limited white noise toque. The sinusoidal component is the torque from the periodic manoeuvre of the wing in the figure of eights, and the white noise torque represents the wind turbulences. The provided torque for the generator is demonstrated in Fig. 7 . With respect to the lack of large datasets from AWE kite test results, it is difficult to model the torque from the kite accurately. However, according to the presented results in Refs. [21,32e35 ] the represented torque in Fig. 7 can be considered similar to the torque profile in experimental systems.
Permanent magnet synchronous generator model
It is considered that PMSG is a round rotor machine. The electromagnetic force of generator is defined in the rotor d-q reference frame as [18] :
Where n p is the number of pole pairs, j PM is the flux linkage produced by the magnets and i sq is the stator current in the d-q reference frame. The induced internal voltage in the stator windings of the PMSG is given by (6) .
In (6) f e is the electrical frequency and is related to rotor velocity by (7) .
The stator voltage in the d-q frame is given by (8) and (9). 
Where u sd and u sq are the stator terminal voltages, R s is the stator resistance, i sd and i sq are the stator currents in the d-q frame. The induced flux linkages in the stator can be calculated by (10) and (11) .
Where L d and L q are the stator inductances. The active and reactive powers of the synchronous generator are given by:
4.3. Simulation results
Normal condition
Three non-reversing pumping mode AWE systems have formed an airborne wind energy farm. In the beginning, AWE1 starts to operate. After the startup, the synchroniser triggers the PID frequency controller to set the frequency to the operating frequency of 18.6 Hz. The operating frequency is calculated by considering the wind speed and nominal speed of the generators, and it must be within the operational frequency range. After reaching the frequency set point, synchronisers consider AWE1 as the reference for synchronisation. Since each AWE unit operates for 20 s in the recovery phase, AWE2 is enabled with 25 s delay. The sequenced delay in operation enables continuous power generation after interconnection of all units to the main bus. This sequenced delay must be longer than the system recovery phase duration in order to achieve the maximum possible continuous power output on the main bus when an interconnected system is in the recovery phase. Following the start of AWE2, the PID frequency controller starts to operate and controls the frequency of AWE2 by regulating the incoming mechanical torque from wing and tether in conjunction with the kite controller. Meanwhile, the synchroniser checks the unit frequency, voltage amplitude and voltage angle for synchronisation and in the instance of any difference between the unit frequency and the main bus frequency it sends command signals to the frequency controller to match the AWE frequency with the main bus. AWE3 is enabled with 50s delay and similar to AWE2 it is equipped with a synchroniser and a frequency controller. Given that the generators are excited by the permanent magnets, it is not possible to control the generated voltage by controlling the magnetic field in the way that is possible in electrically excited synchronous generators. After matching the unit frequency with the main bus frequency, the synchroniser checks the voltage amplitudes and phase angles and waits for the best moment for synchronisation. The synchroniser considers 0.3% offset in the unit frequency lower than the main bus frequency to reach the synchronisation moment. The small frequency offset is required as without this offset the two voltage signals would have the same frequency so that the phase angles would never align and synchronisation would never be reached. Once the synchronisation criteria are met, the synchroniser closes the breakers to interconnect the corresponding AWE unit with the main bus. After interconnection, the synchronised PMSG operates with the same frequency as the other interconnected PMSGs, and any change in wind speed affects the generated power of the interconnected PMSG. Fig. 8 shows the frequency of the AWE farm. Each system operates 80 s in power phase, and for 20 s it is in the recovery phase. During the recovery phase of the operation, the generator is mechanically decoupled from the kite by the clutch while it remains electrically interconnected and synchronised with the main bus as an unloaded synchronous motor. After 20 s, the kite has begun a new power cycle, and the generator is coupled to the kite again through the clutch to produce electrical power. AWE2 and AWE3 are synchronised with the main bus at 42.03s and 54.39s respectively. Any time that an interconnected generator switches to the recovery phase from the power phase and vice versa to the power phase from the recovery phase, small transient oscillations in farm frequency (less than 6%) are inevitable. The temporary imbalance between power generation and power consumption is the cause of these transient frequency oscillations. The performance of LSC and AFCs is highly effective in reducing the time and amplitude of the transient fluctuations in the energy farm frequency when an interconnected AWE switches to the recovery phase. Fig. 9 shows the root mean square (RMS) currents of each generator. It can be seen that the generation units generate equal power while AWE1 acting as the pilot generator for frequency control is allowed to generate slightly more or less than other units to keep the frequency close to the operating frequency which is 18.6. In Fig. 9 , even when a generator is in the recovery phase, the generated powers by other generators increase equally to compensate the power shortage. As an illustration, between t ¼ 80s and 100s when AWE1 is in the recovery phase, the currents generated by AWE2 and AWE3 are increased equally to about 110A. At t ¼ 100s, AWE1 is back to the generation phase, and LSC decreases the generators contributions to 80A until t ¼ 105s when AWE2 changes to the recovery phase and consequently LSC increases the generated currents by AWE1 and AWE3 to about 110A. When some interconnected generators are in the recovery phase, the proper operation of LSC is critical. During this time, other generators increase their generated power to compensate the lack of power generation from the recovery phase generator. An unequal power increase may load some generators more than others. This unbalanced loading is potentially harmful to the heavily loaded generators and could lead to generator pole-slipping. Pole-slipping is a condition that occurs when a synchronous machine reaches and goes beyond the maximum electromagnetic force it can sustain while remaining synchronised with the main bus. Pole-slipping can cause severe electrical transients and torques on the generator shaft and can be very harmful to the prime mover [36] and [37] .
During the recovery phase, the generator is mechanically decoupled from the kite while it is still connected to the main bus and it operates as an unloaded or idling synchronous motor. In electrical engineering terms, the unloaded synchronous machine is called synchronous condenser which is commonly used for adjusting reactive power on electrical power transmission networks [38] . In Fig. 9 , when a machine is in the recovery phase, it exchanges approximately 60A current (reactive power) with the main bus/interconnected generators. The quadrature currents result in I 2 R losses in the interconnecting conductors [36] . The reactive power exchange may increase concerns about power factor correction and the need for the installation of reactive power compensation systems. Reactive power and power factor for the generators are illustrated in Figs. 10 and 11 respectively. As can be seen, when an AWE unit is in the recovery phase it exchanges approximately 130 kvar with the main bus. During this time, the two other generators each exchanges 65 kvar reactive powers with the main bus to provide the demanded reactive power exchange between the generators. The same operation can be seen in power factor plots. When one unit is in the recovery phase, its power factor has decreased to about 0.05 leading (capacitive). It changes the power factor of other generation units to about 0.95 lagging (inductive). Fig. 12 demonstrates the total generated active power of the AWE offshore farm. Although the individual power of each AWE unit is discontinuous, the main bus power is continuous. The continuous power is achieved by implementing 25 s delay between the operations of individual units. Due to the potential for highly fluctuating tether tension (drum torque) from the wing and phase transformation, the generated active power may be oscillating and not suitable for grid interconnection. Also, it can be seen in Fig. 12 that the switching between the operational phases causes transient impulses in the provided power at the main bus. After transmission to shore and before grid interconnection, the power must be converted to AC power in compliance with the grid codes through one or several paralleled back to back power electronic converters.
Fault condition
4.3.2.1. Power system blackout. A power system blackout is an intense type of power outage when a major generation unit is lost. A power blackout may occur due to any failure in the generator, prime mover or other system equipment. In this condition, the generator is incapable of staying synchronised with the power system and in order to minimise the damage as much as possible, rapid disconnection from the power network is necessary. From the network side, depending on the size of the power blackout, this unpredicted and rapid power outage can have destructive consequences. Other generators can be overloaded as they generate more power to compensate. Frequency drop, voltage drop, overcurrent and mechanical tensions on the intermediate system between the generator and prime mover are possible consequences of the power blackout. Power blackout also increases the risk of pole-slipping by overloading other generators as they increase their power generation close to their maximum power generation limit. In the event of other blackouts because of pole-slipping, the load on remaining generators is increased, and more generators are disconnected from the power network. This trend can continue in a cascade until complete power system collapse [39] . In this section, the operation of the farm during a power blackout is studied. A blackout fault study is conducted when two AWEs are in the generation phase, and another one is in the recovery phase. In this case, the farm faces 50% drop in power generation. At t ¼ 135s when AWE3 is in the recovery phase, AWE2 is disconnected from the main bus. Fig. 13 shows the frequency of the farm under the AWE2 blackout. Approximately 46% frequency drop when a generator is in recovery phase and approximately 6% drop when both other two AWEs are in the power phase can be seen. The 46% drop in the energy farm frequency can be profoundly harmful to the farm power system equipment such as power transformers and breakers by increasing the electromagnetic power losses and consequently increasing the thermal stress on insulators. Also according to Fig. 14 , the main bus voltage decreases 44% when one generator is in the recovery phase. This considerable voltage drop can cause an overcurrent leading to more power losses and thermal stress in the farm power network and equipment. Fig. 15 shows the overcurrent caused by the power blackout. It can be observed that the power blackout results in a considerable (54%) overcurrent. Also, the frequency drop can cause drastic mechanical loads on the mechanical connection between Fig. 9 . RMS currents under normal condition. Fig. 10 . Reactive powers. Fig. 11 . Power factors. the generator and kite (i.e. shaft and tether). In this condition, if it is possible, rapid load shedding strategies must be implemented to decrease electrical load until the farm returns to its normal frequency and voltage. Otherwise, the farm should be tripped to keep the generators and the farm equipment safe.
4.3.2.2.
Delay in the operation phase transmission. Ideally, each AWE unit operates 80 s in the power phase and 20 s in the recovery phase. However, real systems may not always follow this profile exactly because of weather condition, errors in kite and flight control system, etc. A recovery period longer than what it should be or delay in transition from the recovery phase to the power phase can be harmful to the farm equipment if the load is not reduced. In this condition, other generators are overloaded, and the voltage and frequency drop across the power network. To study the effects of this situation on the AWE farm operation a scenario is designed and modelled. At t ¼ 105 the operation phase of AWE2 is changed to the recovery phase. As per plan, it should be back to power phase after 20 s, i.e. t ¼ 125. However, it is delayed by 100 s, i.e. at t ¼ 225s. The performance of the farm and other AWE units during this phase transmission delay is investigated. Fig. 16 shows the farm frequency under the AWE2 phase transmission fault. From t ¼ 125se130s, the frequency does not decline. At t ¼ 130s when AWE3 switches to the recovery phase, the frequency falls to 11.65 Hz. The same 37% frequency drop can be observed when AWE1 is switched to the recovery phase (between t ¼ 180s and 200s). The generators' currents under the transmission fault are shown in Fig. 17 . The AWE2 delay in the phase transmission can cause up to 65% overcurrent in AWE1 when AWE3 is in the recovery phase and the same overcurrent in AWE3 when AWE1 is in the recovery phase. In Figs. 18 and 19 , the AWE2 delay in phase transmission leads to approximately 37% drop in the farm voltage and 64% drop in the farm power respectively. When AWE1 and AWE3 are both in generation phase, the AWE2 failure in the phase transmission does not affect the voltage and frequency. This failure is destructive when another AWE unit is switched to the recovery phase. In this condition, because of maximum power limitation, one standalone AWE unit is incapable of generating all the required power by the load and therefore the frequency and voltage drastically drop. Having enough power redundancy and using generation units with appropriate power less than their maximum capacity increases their capability to overcome the power shortage. Otherwise, use of load shedding techniques or system trips is inevitable. In addition, utilisation of appropriate sensors and actuators and robust controllers can decrease the probability and risk of a delay, in operation phase transmission, fault.
Failure in operation of controllers.
The direct interconnection technique is highly dependent on the operation of ASC, AFC and LSC controllers. The performance of the frequency controllers (AFC) is crucial during the synchronisation and interconnection processes. After synchronisation, all the interconnected generators operate with the same frequency. The frequency controllers try to keep the farm frequency close to the specified operating frequency as much as possible. However, because of the highly variable torque from the wing, it is not possible to achieve precisely constant frequency. Any failure in the AFC can cause harmful frequency fluctuations across the farm power network. The ASCs work closely with frequency controllers. They check the frequency, voltage and voltage angle of each generator. Once they meet the synchronisation criteria, the associated ASC sends an interconnection signal to the main bus circuit breaker. The presence of this controller is necessary for the direct interconnection technique. Any problem in its performance can be harmful to the corresponding generator and the farm. Inaccurate synchronisation imposes drastic torque stresses on the generator shaft which can be very harmful to the generator, prime mover and any mechanical intermediate system between the generator and prime mover. Furthermore, it may cause high transient frequency and voltage oscillations on the main bus. The load sharing controller is in charge of load balance inside the AWE farm. It improves the reliability and the efficiency of the farm. The LSC inspects the generated power and the load power; it then tries to distribute the load equally between the generators. Improper performance of the LSC can cause frequency and voltage oscillations. The LSC improves the reliability of the farm by reducing the risk of pole-slipping and power blackout faults. To study how much faulty controllers can affect the AWE energy farm, three scenarios are designed and implemented in simulation trials. The first scenario investigates the consequences of the failure in AFCs while second and third scenarios consider the effects of malfunctions in an ASC and LSC respectively. 4.3.2.3.1. Automatic frequency controller fault. Fig. 20 shows the frequency of the farm when the AWE1 frequency controller is disabled at t ¼ 115s. Interconnected generators rotate at an equal speed. Any change in the speed of one generator can affect the velocity of all synchronised generators. The frequency controller of AWE1 (AFC1) is the master frequency controller of the farm. If AFC1 is in recovery phase or it is broken down for any reason, AFC2 or AFC3 must be enabled. However in this scenario to simulate the worst condition, switching of the active frequency controller does not occur following AFC1 breakdown. As can be observed in Fig. 20 , without AFCs the frequency of the farm is highly irregular so that it can drop up to 36%. It is quite evident that in the absence of the AFC, the farm frequency is unstable. Even when all generators are in the power phase, the frequency is fluctuating. For instance between t ¼ 150s and t ¼ 180s when all units are in the power phase frequency varies between 16 Hz and 18.6 Hz which is about 14% frequency fluctuations. Fig. 21 shows that the frequency controller fault also affects the performance of the LSC. It can force one unit to generate up to 55% more than other generators. The period between t ¼ 230s and 250s can be considered as an example. During this window, AWE3 is in the recovery phase, and AWE1 and AWE2 operate in the power phase. The generators provide unequal contributions during this time so that AWE1 RMS current oscillates around 40e70A while AWE2 generates a fluctuating current between 95 and 125A. The irregular frequency and current oscillations caused by AFC fault can potentially be very harmful to the generators, kites and farm equipment such as transformers and switches. However, it is not very likely that the loss of all AFCs will occur at the same time. In the case of this fault, the offshore AWE farm must be tripped onto the dump loads, and the individual units must be recovered to ground/platform. 4.3.2.3.2. Automatic synchronisation controller fault. Any failure in the ASC subsystems such as measuring instruments, processing unit, command transmission unit or breakers may lead to out of step synchronisation. Out of step synchronisation can cause significant transient fluctuations in torque and frequency. Fig. 22 shows the frequency of the farm under an ASC fault. The automatic synchronisation controller interconnects AWE3 to the main bus at t ¼ 52s. At this time, the voltage angle of the generator is not equal to the farm voltage angle. The consequence is a 62.5 Hz transient oscillation which is 3.36 times the nominal frequency of the farm. This transient frequency jump causes a severe transient mechanical torque on the shaft between the generator and the tether drum. The impact of the ASC fault on mechanical torque is illustrated in Fig. 23 . It results in a 150 kN m transient torque in 4.66 s which is about 7.5 times greater than the maximum nominal torque. This torque can cause extensive damage to the generator, tether drum, tether, and kite. Out of step synchronisation can be very fast and destructive. The frequency and voltage angle of the main bus and generators should be monitored permanently. In the case of any faulty synchronisation, the joining generator must be isolated from the main bus rapidly and returned to its dump load.
4.3.2.3.3. Load sharing controller fault. Figs. 24 and 25 illustrate the frequency of the farm and the currents of the generators respectively. LSC is disabled at t ¼ 70s. This fault can occur due to any fault in measurement instruments, controller, actuator, etc. The frequency is not highly affected by this fault although the unequal distribution of the load is obvious in the generator currents. For instance, according to Fig. 9 when the farm is in normal condition, between t ¼ 105s and 125s, in which AWE2 is in the recovery phase, AWE1 and AWE3 generate 110A each. However, in case of LSC break down, AWE1 generates about 180e190A, and AWE3 produces 50e60A. This is approximately 64% overcurrent for AWE1. This overcurrent could be harmful to the corresponding electrical equipment for the AWE1 unit. In addition, it increases the risk of generator pole-slipping. Fig. 25 shows an unstable RMS current for the generators in the absence of the LSC. This variable current can introduce a high level of harmonics to the provided voltage and current signals at the main bus. Harmonics can increase thermal stress in the farm power network conductors and equipment. Fig. 26 compares the voltage spectrum at the energy farm main bus with and without LSC. According to Fig. 26 (a) with the presence of LSC, along with the fundamental voltage harmonic with RMS amplitude of 564 V and frequency of 18.6 Hz other harmonics exist with frequencies varying from 17.5 Hz to 20.5 Hz. However, harmonics with amplitudes more than 10% of the fundamental harmonic are limited to the frequency band of 18.3e19.4 Hz. Fig. 26 (b) shows that the LSC fault considerably increases the voltage harmonics. The frequency band for the subsidiary harmonics with amplitudes more than 10% of the fundamental harmonic is 15.5e23.5 Hz, and subsidiary harmonics can rise to 62% of the fundamental harmonic while with LSC they do not go more than 17.73% of the fundamental frequency. Disconnection of the overloaded generator cannot be a proper solution for this fault since it may overload other generators and therefore it should be avoided as far as possible. However, sometimes the disconnection from the main bus or the farm shutdown is inevitable for generator poleslipping protection. Using a backup LSC can be suggested to protect the farm against this fault.
Discussion and conclusions
The performance of the direct interconnection technique under normal and fault conditions is studied. The practicality of this technique for AWE systems is considered and investigated by a simulation model. Despite the highly oscillating torque from the wings and the uncontrollable magnetic field of PMSGs, with robust and accurate controllers this technique can be successfully deployed for non-reversing AWE systems. AFCs control the farm frequency around the predefined operating frequency. However, due to tether tension/drum torque fluctuates, it is not possible to achieve a flat frequency performance. The LSC is designed and implemented to keep the load balance of the farm. Normal and fault condition studies illustrate the importance of this controller to avoid overload with related consequences. AWE systems present a unique dynamic by switching between the power phase and the recovery phase. In the direct interconnection technique applied to AWEs, while a generator is in the recovery phase, it is still electrically interconnected with the main bus and operates as an unloaded synchronous machine. This unloaded synchronous machine needs reactive power exchange to stay synchronised with the main bus and other generators. The simulation results show that the size of this reactive power exchange is more than 130kvar which is considerable and can change the power factor of the corresponding machine to 0.05 capacitive and other power phase generators to 0.95 inductive. This reactive power exchange can cause significant problems for real AWE farms, and it can be even worse when they are dealing with inductive-resistive loads. A considerable amount of farm transmission capacity can be captured by the reactive current and power loss in the farm internal power network can be increased. In addition, this reactive power exchange can cause harmful voltage fluctuations. Hence, a reactive power control strategy is necessary for the implementation of the direct interconnection technique for AWE systems. To control the reactive power different solutions can be considered. Use of electrically excited synchronous generators which are capable of reactive power control by regulating the rotor current, utilisation of capacitor banks or static VAR compensators (SVCs), and flexible alternating current transmission systems (FACTS) can be helpful in avoiding the consequences of the reactive power exchange inside the AWE farms. In future research, this is considered to be investigated further with a focus on power reliability and technical and economic constraints of offshore AWE systems. Different fault conditions including power blackouts, delay in operation phase transition and various controller failures are examined. It is shown that power blackout and delay in operational phase transition can cause drastic fluctuations in frequency and current. Failure in ASCs and out of step synchronisation results in a destructive transient torque. Faulty AFC and LSC can impact generators by significant frequency drop and overcurrent. The fault studies in this paper show the need for future research in designing a comprehensive protection system for AWE farms. In this regard, thorough analysis of probable fault conditions need to be studied, and the results should be used to design a reliable, fast and robust protection system.
Regulating mechanical torque is a critical part of the direct interconnection technique. Torque control can be achieved by either the flight controller or a variable torque drive/gearbox. Using a gearbox increases system cost and repair and maintenance expenses. In addition, a gearbox can reduce system efficiency by 10% at least. Considering the high expenses of offshore operations, use of a variable torque drive/gearbox cannot be a cost-effective solution for torque regulation. Regulating mechanical torque through the kite flight controller is a more economical approach although it certainly increases the demands on and possibly complexity of the flight control system. Depending on command signals from the frequency and power controllers, the flight controller regulates the tether tension/drum torque by manipulating the kite angle of attack and airspeed, through the regulation of the kite trajectory within the wind field. This paper examines the direct interconnection technique inside an AWE farm under normal and fault conditions. The simulation results show that this technique is feasible for AWE systems. However, further studies are required for reactive power control and the kite tether tension/drum torque control system. Details of power grid interconnection are not considered in this paper. The integration of the directly interconnected AWEs with power grid will be studied in future work.
